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Yarn-scale modelling of textile preforms relies on the realistic reconstruction of internal geometry. The
paper presents a model of fabric compaction, which shows that ﬁne features of dense woven preforms,
conventionally neglected in consolidation analysis, have a signiﬁcant impact on thickness and conse-
quently on ﬁbre volume fraction and yarn crimp inside the composite. The model relies on single yarn
compaction test and geometrical characteristics of preform in compacted and original conﬁgurations.
The model is validated against compaction experiments on dense sheared single ply and nested carbon
twill 2/2 fabrics. This exercise aims at decreasing or eliminating phenomenological parameters being
introduced when calibrating geometrically and physically complex numerical models at the yarn scale.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
One of the essential control issues of resin infusion is the behav-
iour of draped preforms in compression. In contrast to the RTM
process where a rigid upper mould is typically used, a ﬂexible ﬁlm
constraints the impregnated material when vacuum pressure is
applied. Pressure imposed by the ﬁlm is sometimes complemented
by added weight. Drape affects the yarn architecture and the ﬁbre
volume fraction (FVF), leading to a variation of preform properties
when it is laid on a tool. Reconﬁguration of yarns results in sub-
stantial increase in thickness of preform and yarns, as measured,
for instance, by Chang et al. [1] for carbon satin fabric by optical
microscopy, by Lomov et al. [2] for carbon NCF preforms by a con-
tact device in a picture frame test, by Potluri et al. [3] for glass plain
weave by examining cross-sectioning of sheared composites, and
by Badel et al. [4] for glass plain weave by X-ray tomography of
deformed fabrics.
Changes in yarn architecture cause evolution of composite com-
pressibility and, as a result, may cause non-homogeneity in com-
ponent thickness or excessive tooling constraints in rigid mould
processes. A strong coupling between the in-plane drape deforma-
tions and out-of plane compaction response is clearly demon-
strated by models of shear and biaxial deformation of woven
fabrics as proposed by Lomov and Verpoest [5], Charmetant et al.
[6], and Nguyen et al. [7]. Preforms consolidated at low pressureare also susceptible to dimensional defects and exhibit higher yarn
crimp. Thus, understanding preform deformation under compres-
sion is essential both for prognosis of the dimensions of manufac-
tured components (particularly relevant for thick parts) and for
optimising composite performance.
The major challenges of preform modelling are the intrinsic
complexity of textile preforms, high compliance of dry fabrics
and yarns which leads to uncertainty in its geometrical character-
istics, high sensitivity of material to external loads and handling,
non-elastic history-dependent deformations of ﬁbrous media, high
scatter of properties, and multiple possible deformation modes at
the yarn scale. It appears to be rather challenging to predict the
results of even a simple compaction test based on the properties
of constituents: ﬁbres and yarns.
The prediction of compaction behaviour was attempted with
various analytical and ﬁnite element models. Grishanov et al. [8]
described interaction of two component yarns based on the tensile,
bending, and compressive energy of individual strands. Geometrical
and topological considerations allowed Chen and Chou to construct
analytical models for single layer [9] andmulti-ply woven preforms
[10] where compaction response at high pressures is primarily
caused by yarn bending. Lee et al. [11] implemented numerical
visco-elastic model of woven fabric compaction at the yarn-scale
to describe both compression and relaxation of the fabric.
To be predictive, the yarn scale modelling demands well-
adjusted yarn properties and calibrated yarn geometry. The yarn
properties can be determined either by micro-mechanical models,
by direct measurements, or by inverse property identiﬁcation
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non-wovens with randomly oriented ﬁbres through bending and
contact-slip mechanisms of ﬁbre interaction, originated from van
Wyk [12]. Similar models for unidirectional ﬁbre bundles, where
friction and Hertzian contacts prevails over bending [13], are not
yet in mature state. Promising numerical simulations of unidirec-
tional ﬁbre bundle at the ﬁbrous scale were demonstrated by
Sherburn [14].
Inverse property identiﬁcation has a signiﬁcant potential as it
allows relaxing requirements on the accuracy of geometrical
model of preform. Charmetant et al. [6] used equibiaxial tensile
tests on woven fabric to identify the effective compaction response
of yarns and validated the yarn scale ﬁnite element model against
material response in the in-plane shear test. Nguyen et al. [7] used
a similar scheme and predicted the compaction response of
sheared and nested preforms with a good accuracy.
The direct measurements of yarn properties (compaction, bend-
ing, friction, tensile tests) remains the tempting route as it enables
the prediction of the compaction response for various preforms
based on geometry-independent properties. Lomov and Verpoest
[15] suggested an analytical model of compressibility where the
fabric geometry is calculated based on the minimisation of energy
of interacting yarns. This model, fed by bending and compression
properties of single rovings, was validated against the compression
tests on glass plain woven fabrics. This model was then generalised
by Lomov et al. [16] to analyse the compressibility of nested multi-
ply preforms. The downside of the direct measurements is a need
in sophisticated calibration of the yarn scale geometry. Potluri
and Sagar [17] successfully used energy-based method to predict
compressibility of plain weave 2D and 3D woven preforms.
Nearly all the yarn scale models presented in literature describe
relatively sparse fabrics without a pronounced lateral interaction
of yarns. As have been shown in [18], a different approach may
be required for the dense and draped preforms. In dense preforms
lateral jamming of parallel yarns leads to a pronounced evolution
of the compressibility. The current paper discusses the compaction
mechanisms and signiﬁcance of geometrical factors resulting from
lateral contact in the material response to applied load.
A model, predicting thickness as function of internal geometry
and processing pressure for dense sheared nested preforms is sug-
gested. Following the established approach for the analysis of fab-
ric deformations e.g. [5,8,17,19] it utilises the energy method. The
major feature of the suggested concept is that the lateral yarn
interaction is explicitly included into the energy balance in a prag-
matic way. The model departs from a schematic representation of
lateral jamming leading to the estimation of fabric compaction
limit (thickness at high pressure) and the actual ﬁbre length at this
state. The parameters in a function approximating the yarn midline
at various compaction levels are then adjusted to keep the ﬁbre
length constant throughout the compaction process. This allows
a simple derivation of the preform compaction curve obtained
from a direct test on yarns extracted from fabric, as well as the geo-
metrical characteristics of the preform. The results are validated
against the pressure-thickness curves obtained from compaction
of sheared preforms. The primary goal of the model is to prioritise
the importance of various geometrical and mechanical factors
when creating multi-parametric, topologically complex, highly
non-linear structural models.2. Experiments on dry preforms
For clarity of arguments the paper discusses one fabric type:
carbon 2/2 twill woven fabric with areal density of 370 g/m2, and
ends/picks count of 2.36/cm (the number of yarns per cm). This
is a standard aerospace grade fabric. Epoxy binder is applied onits surface to enhance dimensional stability. Yarns have ﬁbre count
of 12 K, linear density 810 tex, the initial thickness of yarns varies
in the range of 0.16–0.22 mm and the width is approximately
5–7 mm. Note that the yarns are wider than the average distance
between yarn centre lines (4.2 mm). The experimental program
described below includes fabric characterisation in its pre-sheared
and deformed conﬁgurations, the compaction tests for the sheared
single-ply and nested preforms as well as the tests on individual
yarns extracted from these fabrics.
2.1. Thickness of unsheared and sheared preform
The initial conﬁguration of the unsheared and sheared fabric
prior to compaction is studied using laser and optical methods.
Prior to the measurement the fabric is ﬁxed in a picture frame
commonly used for shear resistance measurements (‘‘KUL picture
frame’’ described in [20,21]). The picture frame set-up presents a
metal frame with hinges in the frame corners. The cross-like sam-
ple of textile is gripped at the edges. The frame is mounted on the
tensile machine (Instron 4467, 1 kN load cell) so that the pulling
movement of the machine causes the frame to be closed, the
frame sides rotate on hinges, and, eventually, textile is subjected
to a state, which is close to pure shear. To characterise the changes
of the fabric internal conﬁguration imposed by the gripping ten-
sion, the fabric was speckle-painted to eliminate reﬂection of
the shiny carbon yarns, and images from two cameras controlled
and processed by LIMESS digital image correlation system were
used to measure the surface proﬁle of the fabric. Thickness laser
scan measurements however were conducted on dry non-painted
preforms.
When ﬁxed in the picture frame, the fabric is stretched to
ensure that the textile lies in one plane. The tension is realised
by wavy surface of the grips, which are brought together by the
screws. The mechanisms of pretension and its inﬂuence on the
results of ‘‘KUL picture frame’’ test are described by Lomov et al.
[19,5]. In the current study gripping is used to reduce the scatter
of thickness measurements by eliminating random movements of
compliant preform. The evolution of the surface as the result of
gripping is shown in Fig. 1. The 3D surface is calculated using com-
mercially available digital image correlation software Vic 3D. It can
be seen that the geometry of the fabric evolves with the gripping.
The longitudinal tensile deformations in the yarn direction are
measured along the yarn midlines to characterise the stretching
of the fabric. 25 locations in warp yarns between the closest
cross-overs with the weft yarns are investigated. The measure-
ments give the following average and standard deviation of
stretching deformations in the direction of ﬁbres after gripping:
0.10 ± 0.09%.
After gripping the preform thickness is scanned using laser
sensors. Laser sensors Acuity AR700-4 are set on both the fabric
surfaces. The sensor measurements are based on the optical trian-
gulation method: they measure distance by projecting a beam of
laser light that creates a spot on a target surface with a ﬁxed
dimension. Reﬂected light from the surface is viewed from an angle
by a detector array. The target’s distance is calculated from the
image pixel data using the sensor’s microprocessor. Laser spot size
is 70 lm and resolution, deﬁned as smallest increment of change in
distance that a sensor can detect, is 5.1 lm. The sensors point at
the same location and are calibrated for thickness measurements.
The lasers can be moved both vertically and horizontally. The
vertical movement is realised by a carriage with a constant
pre-deﬁned speed, the horizontal movement is implemented by a
manually driven spindle.
To measure thickness evolution as function of shear angle, the
test is paused at a pre-deﬁned shear angle, then textile thickness
is scanned in the vertical direction through the length of the
Fig. 1. Z-coordinate (mm) of twill surface (approximately 50 by 50 mm) in the picture frame: before and after gripping. The scales for the in-plane and Z-coordinates are the
same. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. (a) The scheme of laser scanning for in situ thickness measurement: proﬁle scanning, (b) the obtained average thickness as function of the shear angle. One point on
the thickness diagram is average thickness over all three scan lines. Solid blue lines indicate thickness evolution in the ﬁrst load cycle, dot red lines correspond to the second
cycle. Black dash line shows a constant ﬁbre volume fraction ﬁt: t0f a¼0= cosðaÞ, where t0f a¼0 ¼ 0:55 mm is the maximum thickness of non-sheared preform over all samples, a is
the shear angle. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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average value of the obtained proﬁle is taken as the ‘‘true’’ thick-
ness of the textile. The load cycle is repeated two–three times to
check if hysteresis affects the thickness of sheared fabric. The sam-
ples were sheared to 50, then unloaded and sheared again with
the same procedure of thickness measurements. The results are
shown in Fig. 2b.
The thickness of all tested samples follows a similar trend up to
30–40 when the global buckling of the fabric disrupts the mea-
surements. A substantial change in thickness values is seen for
the twill: 0.4–0.6 mm for 0 and 0.5–0.7 mm for 30-shear. The
experimental curves in Fig. 2b are compared with a constant ﬁbre
volume fraction ﬁt, which shows thickness evolution of a fabric
preserving a constant volume while being sheared. Comparing
the ﬁt with the experimental curves of the same initial thickness
(samples 2 and 3), it can be suggested that there is a certain
increase of initial ﬁbre volume fraction as the shear angle
increases.
In contrast to the force required to shear the fabric [22], the
thickness evolution is not much affected by repeating the loading
cycle. Even though a substantial variation of the test results can
be seen (sample 2, 3 and samples 1, 4 in Fig. 2b), thickness mea-
surements at the second cycle nearly repeat the curves of the ﬁrstone. This indicates that the experimental scatter between different
samples is attributed to intrinsic material variability and, possibly,
to clamping pressure variation rather than to a thickness measure-
ment error.
2.2. Compaction response of sheared preforms
To test the compaction response of sheared preforms the cruci-
form samples were manually sheared in a square metal frame to a
predeﬁned angle and then compacted in a 5 kN load cell machine
by a 7 cm diameter circular plate on a rotating pivot – Fig. 3. The
same test conﬁguration was used in Vanclooster et al. [23] for
studies of compressibility of sheared steel ﬁbre knitted fabrics
and in Pazmino et al. [24] – for 3D woven glass fabrics. The com-
paction tests were conducted at room temperature. At these condi-
tions the binder is not activated which allows exploring the
preform behaviour in isolation from the process of chemical bind-
ing and thus, focusing on the role of preform architecture in the
compaction process. It is believed that the basic features of the
compaction process and geometry reconﬁguration remain similar
even at elevated temperatures.
After shearing the compaction pressure was increased to about
1.2 MPa. The machine compliance is measured prior to the test and
Fsample
pivot
upper plate
h
(a) (b)
Fig. 3. The compression of preform: (a) shearing in an aluminium frame prior to compaction (for illustration purpose only – the clamped fabric is not the one discussed in this
paper); (b) a scheme of the compaction test. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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measured displacement in the post-processing of the results. Each
sample was cycled three times in loading/unloading. It has been
found that after the second cycle the material behaviour does not
evolve substantially. Compression curves are recorded for 0, 10,
20 and 30 fabric shearing. Single fabric layers and the double
layer stack are tested. Three samples for every material conﬁgura-
tion have been used to verify the test repeatability. A moderate
scatter of the compaction curves has been observed – for a given
pressure the thickness generally varies within a band of 0.01–
0.03 mm. The variation at larger shear angle is typically higher
than at lower angles.
The compaction data are shown in the next paragraph where
they are compared to an analytical model of preform deformation
– Fig. 4, Table 2. All the pressure-thickness curves follow a charac-
teristic asymptotic pattern: rapid hardening from the pressure 0.05
. . . 0.1 MPa and almost no change in thickness at pressures higher
than 0.4 MPa. It is found that the in-plane shear deformations sub-
stantially affect the compressibility of the fabric. Even at high pres-
sure levels (1 MPa) there is 20% difference between the thickness
of non-sheared preform and the one sheared to 30. The difference
is higher at lower pressure levels.Fig. 4. Average ply thickness in single and double ply preforms. Experimental result
assumptions that compression is caused by the compaction resistance of yarns and yar
reader is referred to the web version of this article.)As well known, nesting in two ply preforms increases fabric
compressibility. Average thickness of ply in nested two ply preform
is about 5–10% lower compared to the single ply preforms.
2.3. Geometry of compacted preforms
In the process of the compaction and shearing the geometry of
fabric evolves. In shear the yarn spacing is reduced since the dis-
tance between the yarn central lines is proportional to the cosine
of the shear angle. Yarn may spread due to the compaction. Hence,
at some level of deformation yarn width may exceed yarn spacing.
This causes peculiarities of ﬁbre path: jamming of parallel yarns,
pronounced variation in width along yarn, and side crimp of yarns.
These deformations are typical for dense fabric. Fig. 5 shows the
compacted geometry of the twill fabric. At the locations of cross-
overs, where yarns of one direction dive under the yarns of another
direction, the ﬁbre bundles are laterally constrained and their
width is decreased at the expense of local thickness increase. As
a result, the ﬁbres at cross-overs are packed stronger than else-
where. The projections of neighbouring yarn on the fabric plane
overlap. The overlap regions increase the local amount of ﬁbres
per unit area. This limits the fabric compressibility and, hence, thiss (three tests per conﬁguration) are compared to the analytical model based on
n bending. (For interpretation of the references to colour in this ﬁgure legend, the
Fig. 5. The image of the compacted twill fabric. Yarn contours are highlighted to
show the lateral crimp. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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The increase of thickness of sheared preform, Fig. 2b, is an
indication of this process.
3. Experiments on dry yarns
The behaviour of yarns extracted from twill fabric was explored
in a ﬂat compaction test on glass table with a camera monitoring
transverse expansion through the glass. A 1 kN load cell was
mounted above a 50 mm diameter metal punch, which allowed
1 MPa pressure to be exceeded. Parallelism of the punch and the
supporting glass was veriﬁed in an experiment with a pressure
sensor placed between the indenter and the compaction base.
The homogeneity of pressure distribution over the compacted sur-
face has conﬁrmed a satisfactory level of indenter alignment.
Machine compliance was measured and eliminated in the result
post-processing. Yarn widening was measured using digital image
correlation (Vic 2D software), which follows the evolution of a
grey-scale speckle pattern naturally created by the epoxy binder.
The strain averaged over the width of the yarn is taken as the mea-
sure of the expansion. The transverse strain ﬁeld on the surface of
the yarn was fairly uniform in all the tests. Three loading–unload-
ing cycles were conducted to explore the irreversible deformations
of the yarns.
The transverse expansion of a yarn hardly exceeds 1% of initial
width. It has to be noted that the yarn in preformmay be subjected
to constraints which are not necessarily reproduced by the condi-
tions of the compaction experiment on extracted yarns: there is no
lateral constraints in the yarn compaction test and tool-yarn
friction is likely to be higher compared to the inter-yarn friction.
Both the factors may lead to a different yarn spreading in theFig. 6. (a) Yarn thickness against applied pressure shown for three samples and appro
transverse strain, vcf is the characteristic ﬁbre volume fraction at the end of the ﬁrst cyc
referred to the web version of this article.)compaction of single yarns and yarns in fabric. The lack of spread-
ing may also be owed to low twist of the yarns, which leads to a
weak coupling between spreading and compaction deformations
of yarns. It is interesting to note that a spreading limit is also
observed in prepregs [25], where high shear deformation at the
yarn edges result in a state of ﬂow locking. Barnes and Cogswell
[26] suggested that the ﬁbre misalignment and non-uniformity of
deformation under no-slip condition results in twist of ﬁbres at
the yarn edge, which prevents the transverse shear ﬂow.
The yarn compaction curve shows asymptotic hardening with a
limit compaction state (0.13 mm) achieved at 0.4 MPa – Fig. 6a.
In consequent loading the limit deformations are increased by 5%
from the ﬁrst to the second load cycle, and 2% from the second to
the third cycle.To use this data in further analysis, the yarn behav-
iour needs to be approximated by an analytical function. The curve
response is nearly linear at two loading stages: in the very begin-
ning of compaction and upon approaching the limit deformations.
Hence, it is rational to describe the yarn stiffness evolution Ey by a
bilinear function with a smooth transition between the low E1y and
high E2y stiffness at intermediate deformations. A hyperbolic
function is suitable for this purpose:
Ey ¼ 12 ðE1y  E2yÞ 
1
2
ðE2y þ E1yÞ tanh et  eS
 
ð1Þ
e ¼ ln ty
t0y
 
is the logarithmic strain chosen as a measure of compac-
tion deformation, et is the transition strain and S is a curve shape
factor. Integrating this function over strain gives an appropriate
pressure-strain dependency:
Py ¼ 12 ðE1y  E2yÞe
1
2
SðE2y þ E1yÞ ln
cos h eteS
 
cosh etS
 
 !
ð2Þ
where Py is the nominal pressure normalised by nominal width and
punch diameter. The width is measured on the surface of com-
pacted fabric in the locations between the cross-overs where it
spreads the most:w = 6.3 mm. To deﬁne strain, an initial yarn thick-
ness needs to be set. In practice it is uncertain and cannot be pre-
cisely measured due to yarn crimp, high compliance of ﬁbre
bundles and non-uniformity of the yarn surface. By choosing initial
yarn thickness as t0 ¼ 0:31 mm (relatively arbitrary choice based on
the ﬁrst reliable values of thickness detected in the yarn
compaction testing) the following parameters are derived from
the approximation of average experimental stress–strain curves:
E1y = 42.6 kPa, E2y = 429.1 GPa, S = 0.15, et = 1.67 (with 95% of conﬁ-
dence interval). It should be noted that all these parameters are not
related to the actual properties of ﬁbres but used here to provide a
suitable ﬁt for the function. The resultant approximation is shown
in Fig. 6a, and can be judged as good for a practically interesting
range P > 0.05 MPaximation by function (2), (b) evolution of ﬁbre volume fraction as function of the
le. (For interpretation of the references to colour in this ﬁgure legend, the reader is
Fig. 7. (a) The in-plane view of sheared twill fabric (produced by WiseTex
software); (b) the scheme illustrating yarn overlap. The cross-section along the
weft-yarn midline is shown. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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thickness measurements and the presumed shape of the yarn.
Fig. 6b shows the evolution of the ﬁbre volume fraction as the
function of transverse strain. The characteristic value of 70% at
the ﬁrst cycle is achieved at the maximum compaction under
assumption that the yarns shape remains elliptical at all deforma-
tions. Repeated cycles increase the ﬁbre volume fraction to 75%.4. Key experimental observations
The results demonstrate that:
– There is a high variability in the initial material conﬁguration of
the sheared fabrics – Fig. 2a. At high pressure levels the scatter
is signiﬁcantly smaller – Fig. 4.
– The compaction limit, i.e. the state where preform thickness
becomes nearly invariant to pressure increments, explicitly
depends on shear angle.
– The primary mechanism for through-thickness yarn deforma-
tions, compacted in isolation from the fabric, is yarn densiﬁca-
tion. Only minor transverse deformations of yarns have been
observed. The limited spreading in the test allows establishing
the packing relation between applied pressure and ﬁbre-
volume fraction evolution.
– Preform compressibility depends on the internal geometry of
fabric. The limit thickness of an individual yarn (0.13 mm) is
lower than the half of fabric limit thickness – 0.15 mm at 0
shear and 0.18 mm at 30. This can only be the case if the yarn
width exceeds the inter-yarn distance and the yarn overlaps
with neighbouring yarns of the same direction – Fig. 7a and b.
In other words, the weft yarns are squeezed between two
parallel warp yarns and vice versa.
– Average thickness of a ply in a two-ply nested pack of twill is
about 5–8% smaller than in the single ply preform. As shown
by Lomov et al. [16], in n-ply preform the effect is larger in pro-
portion to (n  1)/n, which increases the effect to 10–15% for
plain weave fabrics. Nesting is more pronounced for the sheared
fabrics due to the elevated roughness of fabric surface.
5. Mechanisms of fabric compressibility
The difference in compressibility of sheared preforms points at
the role of preform geometry in compaction mechanisms. The roleof ﬁne geometrical features becomes particularly explicit when
considering compaction at high pressure levels. At this deforma-
tion stage no signiﬁcant yarn reconﬁguration occurs and hence,
no other factors but direct yarn compaction contribute to the
mechanical response of fabric. A realistic model has to be able to
describe yarns reconﬁguration which leads to the observed differ-
ence in thickness of sheared and non-sheared preforms.
The current paragraph describes an analytical model which
explains the observed phenomena. The original motivation is to
validate a basic assumption about deformation mechanisms in
order to set robust requirements for more elaborated numerical
models. The presented model is based on geometry of compacted
material and compaction response of single yarns. Starting with
the notion of yarn compaction limit and geometry of fully com-
pacted fabric, the model then takes into account yarn bending to
explain the compaction at low and moderate pressures. The mea-
surements of pressure-ﬁbre volume fraction relation in combina-
tion with the measurements of yarn width in compacted fabric
give the basic information required for constructing the model.
In making an estimation of the ﬁnal fabric thickness accounting
for the yarn overlap, simple assumptions can be utilised:
(1) Following the notion by Harwood et al. [27], it is stated that
the compressed yarn has a compaction limit. It is deter-
mined at pressures exceeding 1 MPa and it is assumed that
the thickness change above this pressure level is negligible.
From experiments on single yarns during the ﬁrst cycle:
tcy ¼ 0:13 mm.
(2) In contrast to the yarn width at the cross-overs, the yarn
width measured on the surface of compacted single ply pre-
form does not change during shear, compaction or nesting:
w = 6.3 mm.
(3) The inter-yarn distance (deﬁned as distance between yarn
centrelines) for the sheared conﬁguration is estimated to
be p cosðcÞ, where p = 4.2 mm is the yarn spacing in orthog-
onal fabric and c is the shear angle. The yarn spacing is
assumed to be invariant to the degree of compaction.
(4) The thickness of fabric at the compaction limit tcp is deﬁned
by the thickness in the centre of overlap zone, which can be
estimated based on the presumed section shape. This
assumption is valid only for dense fabrics, where overlap
zone is fully ﬁlled by ﬁbrous material. Obviously, for the
sparse fabrics (a minor overlap or a gap between the yarns)
the densest location is at the intersection between warp/
weft midlines. For the sake of clarity the further discussion
is limited to the fabrics where the overlap is the densest
region in the material. However, all the derivations below
can be easily generalised for sparse fabrics as well.
As a result the estimation of thickness at high pressure can be
condensed to the following expression:
tc ¼ vtcy ð3Þ
where tc is the thickness of preform at the compaction limit,
tcy – is the yarn compaction limit and v – is the thickness excess
factor for dense fabrics, which characterises the thickness of ply
in comparison to the thickness of a single yarn. The thickness
excess factor for single fabric preform can be determined from
the analysis of overlap cross section. The thickest location is half-
way between the yarn edges. It is constituted from one whole yarn
(in-plane of Fig. 7b) and edges of two yarns perpendicular to it.
Yarn cross section can be approximated by an elliptical shape,
which gives the following estimate of the excess factor:
v ¼ 1þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 p cosðcÞ
w
 2s
ð4Þ
Table 1
Geometric characteristics of the overlap region for the dense twill fabric.
Shear angle v v
0 2.47 2.24
10 2.49 2.25
20 2.55 2.28
30 2.62 2.32
Table 2
Thickness of sheared fabric.
Shear angle () 0 10 20 30
Thickness of one ply preform, pressure 0.1 MPa
Experiments, mm 0.33 0.35 0.36 0.42
Estimation, mm 0.34 0.34 0.34 0.35
Thickness of one ply in a nested pack, pressure 0.1 MPa
Experiments, mm 0.32 0.33 0.35 0.38
Estimation, mm 0.34 0.34 0.34 0.35
Compaction limit thickness for one ply
Experiments*, mm 0.30 0.31 0.32 0.36
Estimation, mm 0.32 0.32 0.33 0.34
Compaction limit thickness of one ply in a nested pack
Experiments, mm 0.28 0.29 0.30 0.33
Estimation, mm 0.29 0.29 0.30 0.31
* Three tests, the difference between maximum and minimum thickness values
does not exceed 0.03 mm for 0.01 bar and 0.01 mm for 0.1 MPa and <1 MPa (except
nested/30: 0.03–0.05 mm correspondingly).
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factor exceeds 2, i.e. wP wdense ¼ 2ﬃﬃ3p p cosðcÞ. For smaller or no
overlap case, the shift in the location of the densest region has to
be considered. For w < wdense, the excess factor is deﬁned by the
location of warp-weft intersection where v = 2.The fabric consists
of as fully-loaded dense overlap locations and under-compressed
zones, which constitute the major fraction of fabric surface. In a
nested multi-ply preform, a coincident in-plane location of fully-
compacted zones in interacting plies is improbable. Hence, it is log-
ical to suggest that the total excess factor for nested preform v can
be derived from a simple superposition of under-loaded and fully-
compacted areas. Normalised by the number of plies, the excess
factor is:
v ¼ 0:5vþ 1 ð5Þ
The values of the excess factors and the overlap area fraction for
sheared single ply of the studied twill fabric and nested fabrics are
summarised in Table 1. It can be seen that for the given geometri-
cal parameters the overlap area is in the range of one quarter – one
third of fabric area. Compared to a sparse fabric, where the preform
thickness is double of yarn thickness (v = 2), the excess factor for
the dense preform are 47–62% higher. Nesting decreases the excess
to 24–32%.
Despite crudeness of the utilised geometrical assumptions, the
model provides sensible results. It shows not only the trend but
also predicts the compaction limit with satisfactory accuracy for
the range of considered shear angles – Table 2 (compaction limit
section).
To cover the entire pressure range, the analytical compaction
model has to be generalised. For pressure levels typical for ﬂexible
moulding processes the compaction response is determined not
only by the preform geometry but also by the mechanical factors
such as yarn bending, inter and intra-ply friction. In the next par-
agraph the concurrent yarn bending and compaction are discussed
in greater details to explore the relevance of this factor in the com-
paction response. The exact derivations depend on the twill inter-
lacing pattern of the fabric being used as an example, but they can
be generalised for any 2D weave.
6. Analytical model of preform compaction
Utilising classical beam theory, the balance of external work
and deformation energies for a single yarn in the fabric can be writ-
ten in the following form:
D
4dw
Z 4d
0
ðu00Þ2dxþ 1
4d
Z 4d
0
Pyeytydx ðt0a  taÞPa ¼ 0 ð6Þ
where the ﬁrst term is the normalised potential energy of bending,
the second one is the speciﬁc energy of yarn compaction, and the
third one is the work of external forces, u is the through-thickness
displacement of the yarn midline, t0a ; ta are the initial and the cur-
rent amplitudes of the yarn mid-line, ty are the local yarn thickness,
Pa is applied pressure, Py; ey are the through-thickness stress and
strain due to compaction and D is the yarn bending rigidity. For
simplicity the bending stiffness is approximated as the sum of
bending rigidities of all ﬁbres D ¼ 0:25pEfNf r4f (Ef, Nf, rf stand for
ﬁbre stiffness, number of ﬁbres in yarn, and ﬁbre radius) in theassumption that inter-yarn friction is small and twisting effects
are negligible in bending response, i.e. all the ﬁbres in bending act
separately. This approximation must give the lowest estimate of
the bending contribution to fabric response. In [28] it was found
to work well for typical carbon tows, including the ones discussed
in this paper. A quadratic empirical dependency of D over linear
density of glass rovings can be found in [19].
Instead of a conventional solution routine, where the displace-
ment of a yarn u is found in a boundary value problem, a simpler
approach is envisaged. Yarn mid-lines are approximated by an ana-
lytical function. The coefﬁcients of this approximation are calcu-
lated for a given amplitude ta based on the assumption of ﬁbre
incompressibility and, consequently, the vertical displacement
u(ta) can be calculated for any point along the ﬁbre length. Hence,
the ﬁrst two terms of (6) can be explicitly integrated and the
applied pressure Pa is then determined for a given yarn mid-line
amplitude ta.
Yarn movement in an interlaced fabric is limited due to the con-
straints imposed by other yarns. It is fair to assume that the only
difference between yarn paths in the deformed and initial conﬁgu-
rations are (a) the vertical (through-thickness) displacement of
yarn mid-line and (b) a certain shape adaption required for pre-
serving the constant length of inextensible ﬁbre. It is convenient
to approximate yarn mid-line in both the conﬁgurations by a sim-
ple sigmoid function (Fig. 8): straight intervals at the preform face
and smooth transition between the front and back faces at the
cross-overs. For the span of one unit cell in the twill fabric this
approximation can be written in the following form:
yðtÞ ¼ ta
2
tanh
x p
ZðtaÞ
 
 tanh x 3p
ZðtaÞ
  
x / ð0;4pÞ ð7Þ
where ta = tf  ty is the mid-line amplitude and calculated as the dif-
ference between fabric and yarn thicknesses, 4p – the unit cell size
of twill, p and 3p are the cross-over coordinates corresponding to
the twill pattern, Z – is a coefﬁcient responsible for the shape of
the mid-line path, which evolves as the function of fabric thickness.
The span of the yarn path transition from top to bottom fabric sur-
face is estimated to be 4Z – Fig. 8 (y(p + 2Z) = 0.96y(2p)).
The invariance of ﬁbre length to compaction deformations gives
a condition to derive Z. For small crimp the length of the curve can
be deﬁned as:
L ¼
Z 4p
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ dy
dx
 2s
dx 
Z 4p
0
1þ 1
2
dy
dx
 2 !
dx
¼ 4pþ 1
2
Z 4p
0
dy
dx
 2
dx ð8Þ
Fig. 8. The warp yarn mid-lines in the process of the compaction (a–c) (the cross-section along warp yarns midlines is shown). The total length of all three curves is the same.
Ellipses show the schematic position of the weft yarns in the twill fabric. ta – is the yarn mid-line amplitude, 4Z – is the span of the transition between the top and bottom
surfaces of the fabric shown for the cases (a and c). The same mechanism for weft yarns compaction is assumed. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 9. Contribution of yarn bending to the thickness estimation of woven fabric for
non-sheared single-ply preform (Note: the scale of x-axis is reversed to illustrate the
load increase). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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L  4pþ t
2
a
2Z
tanh
p
Z
 
 1
3
tanh3
p
Z
  
ð9Þ
If the transition region is smaller than the distance between the
yarns (4Z < 2p) then Eq. (9) can be simpliﬁed to
Z  t
2
a
3ðL 4pÞ ð10Þ
Once the shape parameter is deﬁned, the displacement can be
calculated as u ¼ yðtaÞ  yðt0aÞ. Differentiating it analytically and
substituting it to (6) gives the contribution of the bending energy
to the deformation energy of the fabric.At this stage two parame-
ters remain undetermined: (a) the initial thickness of preform,
(b) the total length of yarn in the unit cell L. The laser scan mea-
surements are used to determine sensible values for the initial
thickness of the preform. In order to minimise the effect of fabric
pretension in the grips, the thickness of non-sheared fabric is cho-
sen as the upper limit of experimental values t0f a¼0 ¼ 0:55 mm. The
initial thickness of sheared fabric is calculated under assumption
that the ﬁbre volume fraction remains constant in process of shear-
ing. The following approximation is used then (shown as dot line in
Fig. 2b):Table 3
Estimations of errors associated with neglecting various factors in consolidation modellin
Considered factors Estimation is based on compariso
Yarn spreading Transverse spreading of single yar
Ply nesting Thickness of one and two ply pref
In-plane shear due to draping The limit compaction thicknesses
Lateral yarn interaction (overlap) The limit compaction thickness oft0f ¼ t0f a¼0= cosðcÞ ð11Þ
L is a critical parameter. Minor variation in ﬁbre length may
have a signiﬁcant impact on the bending response of a yarn. How-
ever, it is difﬁcult to measure ﬁbre length directly. In this model, L
is determined analytically for the non-sheared single-ply fabric.
The obtained value is used for all the other sheared and nested con-
ﬁgurations of the preform. At the state of the maximum compac-
tion preform thickness and ﬁbre geometry are known. To make it
consistent with the compaction limit model, the transition span
has to be equal to the dimensions of the overlap and hence
4Z = w  p. Substituting this approximation to (10) results in an
estimate for the ﬁbre length:
L ¼ 4t
c2
f
3ðw pÞ þ 4d ¼
4tc
2
y ðv 1Þ2
3ðw pÞ þ 4d ð12ÞFor the considered preform ﬁbre L appears to be longer than its
projection to a fraction of per cent (0.14%) only, which is in corre-
spondence with the crimp value in the studied fabric, estimated by
direct measurement as 0.2%.
Now all the parameters are deﬁned and the energy balance (6)
can be numerically integrated to ﬁnd the fabric thickness as the
function of applied pressure Pa(ta). The modelling results are com-
pared to the experimental data in Fig. 4. It can be seen that above
atmospheric pressure the model describes reality quite well. A cer-
tain disagreement between the model and experiment is seen at
the initial stage of compaction, which is due to the uncertain initial
thickness of yarn and fabric. The predictions at atmospheric pres-
sures and above are more reliable. Table 2 shows that the model
predictions at 0.1 MPa are well in line with the experimental
observations. The largest deviation from the experimental data is
seen for single ply preform sheared to 30, yet the maximum devi-
ation hardly exceeds 0.1 mm. The reason for this deviation is
under-prediction of compaction limit thickness, which indicates a
larger overlap at high shear angles than predicted by the simple
schematic model.g.
n of Error
n 1%
orms at the same pressure level 5–8%
of single orthogonal and 30-sheared plies 20%
one ply and double compaction thickness of single yarn 28%
Fig. 10. The cross-section of ﬁnite-element model of the twill fabric with lateral yarn interaction taken into account. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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response of the fabric depends on the deformation stage. Fig. 9
shows the fraction of bending energy in the total internal deforma-
tion energy. At the initial deformation stage the bending factor is
substantial; however, it rapidly drops to 10–20%. Upon approach-
ing the compaction limit the bending factor becomes negligible.7. Discussion
The experimental results give a ground for estimating the scale
of error which can be introduced in thickness estimation when
neglecting various geometrical andmechanical factors, such as fab-
ric shear, nesting, and lateral yarn interaction. Table 3 presents
estimates for these errors based on the experimental data dis-
cussed above. It can be seen that from thickness perspective, the
most important factors are draping and overlap resulting from
the lateral interaction of yarns. Apart from these factors, the ana-
lytical model suggests that at moderate pressure levels 10–20%
error can occur if bending rigidity of a yarn is not taken into
account.
It has to be emphasized that these estimates were obtained for
dense stable (possibly pre-consolidated) preform containing
epoxy binder and made of slightly twisted yarns. The stability
of the studied preforms allows exploring draping deformations
and lateral yarn interaction in isolation from the other factors.
The role of the same factors could have been dramatically differ-
ent for another fabric. For instance, nesting in a sparse triaxial
braided fabric can affect up to 50% of average ply thickness
[29], and ﬁbre spreading of non-twisted yarns can be signiﬁcant
particularly for heavy tows.8. Conclusions
The presented analytical model gives an insight into fabric
topology and illustrates the importance of modelling some
geometrical features when setting up a ﬁnite element model of
compaction. The input of the analytical model is limited to the
geometrical characteristics of the preform and the mechanical
response of single yarns. No phenomenological parameters are
used in these estimations. It is shown that, the lateral yarn inter-
action, generally neglected in almost all known yarn-scale models
of composites, has a signiﬁcant impact on compressibility of the
considered fabric. The errors in thickness estimation may lead
to wrong predictions of ﬁbre crimp, excessive intra-yarn ﬁbre vol-
ume fraction and, as a result, damage and strength properties
[30].
A tool creating appropriate FE models of the dense sheared
overlapped fabrics is demonstrated in [31]. It allows creating the
models of the fabrics with overlaps and to avoid a general problem
of approximate models – interpenetrations of yarn volumes. Fig. 10
demonstrates a cross-section of the fabric model with this feature
– it can be seen that neighbouring warp yarns extend beyond the
size of inter-yarn spacing creating a densely overlapped region,
which impacts the preform compressibility.Acknowledgements
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